Abstract: Discerning the genetic basis underlying fine-scale population structure of exploited native species and its relationship to management units is a critical goal for effective conservation. This study provides the first high-resolution genetic test of fine-scale relationships among spawning groups of the yellow perch Perca flavescens. Lake Erie yellow perch stocks comprise valuable sport and commercial fisheries and have fluctuated extensively owing to highly variable annual recruitment patterns. Fifteen nuclear DNA microsatellite loci are analyzed for 569 individuals from 13 primary Lake Erie spawning sites and compared with those spawning in Lakes St. Clair and Ontario. Additional comparisons test for possible genetic differences between sexes and among size-age cohorts. Results demonstrate that yellow perch spawning groups in Lake Erie are genetically distinguishable and do not differ between sexes and among age cohorts. Population genetic structure does not follow a genetic isolation with geographic distance pattern, and some spawning groups contribute more to overall lake-wide genetic diversity than do others. Partitioning of the yellow perch's genetic structure shows little congruence to lake basins or to current management units. Our findings underlie the importance of understanding spawning habitat and behavior to conserve the genetic stock structure of a key fishery.
Introduction
Microsatellite DNA markers offer new and effective tools for defining the stock structure of exploited fisheries, important for evaluating population interrelationships (Bernard et al. 2009; Stepien et al. 2009; VanDeHey et al. 2009 ). Fishery stocks are population subunits that interbreed freely in given geographic locations, share a common gene pool, and differ significantly from other subunits (Hallerman et al. 2003) ; this genetic-based definition of stock structure is useful for refining effective fishery management units (Waples et al. 2008; Gum et al. 2009; Morin et al. 2010) . These genetic stock structure data ideally should be interpreted in light of geographic distributional data throughout the fish's life history, as well as its biological attributes for growth, survival, and recruitment.
The present study uses 15 nuclear DNA microsatellite markers (of higher resolution power than previously analyzed mitochondrial DNA markers) to apply this genetic definition of stock structure towards resolving the fine-scale population relationships of the yellow perch Perca flavescens (Teleostei: Percidae) across Lake Erie. Lake Erie is the epicenter of yellow perch sport and commercial fisheries in the Great Lakes (Scott and Crossman 1973; Ryan et al. 2003) , with the Lake Erie catch comprising over 4100 metric tonnes (t) in the 2009 season and 4389 t in 2010 (Yellow Perch Task Group (YPTG) of the Lake Erie Committee, Great Lakes Fishery Commission (YPTG 2010 ). Our study addresses the critical goal of the Lake Erie YPTG to discern the genetic basis underlying yellow perch stock structure (Ryan et al. 2003; .
Presently, little is known of the number and distribution of yellow perch stocks, the site fidelity of their spawning groups, or of the genetic exchange among them. Previous studies were unable to resolve appreciable fine-scale genetic structure of Lake Erie yellow perch because of lack of resolution power, including mtDNA control region sequences that discerned some differences between eastern basin spawning sites versus others (Ford and Stepien 2004; Sepulveda-Villet et al. 2009 ). The objectives of the present study are to use nuclear microsatellite data from 15 loci to test for (A) genetic differences among potential Lake Erie stocks, (B) demographic relationships among yellow perch spawning groups, (C) correspondence of genetic data to life history traits, including differences among age cohorts and size classes, and between the sexes, and (D) comparative genetic diversity within and among spawning groups, lake basins, and management units (MUs) used by the YPTG for Lake Erie (of the Great Lakes Fishery Commission), along with their contribution to overall lake-wide levels.
Objective A tests for possible population genetic divergence underlying stock structure based on the alternativenull hypothesis that (1) Lake Erie yellow perch spawning groups are or are not genetically divergent (i.e., they exhibit structure versus panmixia). Objective B examines the demographic relationships among spawning groups to test three alternative-null hypotheses that (2) relationships among spawning groups reflect or do not reflect a pattern of genetic isolation with geographic distance, (3) the spawning groups show or do not show significant genetic demarcations among Lake Erie's three physiographic basins, and (4) the spawning groups correspond or do not correspond to significant genetic demarcations among Lake Erie's four fishery management units. Objective C evaluates the possible influence of life history traits based on the following two hypotheses (alternativenull): (5) male and female yellow perch show or do not show congruent patterns of genetic relationships within and among spawning groups; and (6) age-size cohorts of yellow perch reveal or do not reveal congruent patterns of genetic relationships within and among spawning groups. Objective D assesses relative genetic diversity levels to test the alternative-null hypothesis that (7) the distribution of genetic diversity and its contribution to lake-wide diversity differs significantly or else is comparable among Lake Erie yellow perch spawning groups.
The above relationships are interpreted in light of those supported by our prior study of yellow perch variation using mitochondrial (mt) DNA control region sequences across Lake Erie ). We also compare present results with the distribution of genetic diversity and divergence in other Lake Erie fishes discerned from microsatellite data, including other percids such as the walleye Sander vitreus Stepien et al. 2009 ) and the rainbow darter Etheostoma caeruleum ). Recommendations are made for the conservation of yellow perch genetic diversity and stock structure.
Habitats and life history of Lake Erie yellow perch
It is possible that yellow perch populations may be genetically structured within Lake Erie according to physiographic or bathymetric regions, as prior ecological studies found differences in their distributions according to habitat availability and preference (Wei et al. 2004) . Additionally, yellow perch populations may retain the remnants of historic partitioning, reflecting past postglacial colonization routes as discussed by Mandrak and Crossman (1992) , with contemporary differences sustained through spawning site philopatry (see Stepien and Faber 1998 , 2010 for walleye, and Ford and Stepien 2004 for yellow perch). Kin recognition using olfactory cues has been reported in the European perch Perca fluviatilis (Gerlach et al. 2001) and similarly might influence fidelity of yellow perch to spawning sites. Lake Erie comprises three main bathymetric and physiographic basins ( Fig. 1 ; western, central, and eastern) that are characterized by temperature and depth profiles, each housing differential distributions, habitats, and abundances of yellow perch (Wei et al. 2004; Tyson et al. 2009 ). The western basin is the shallowest (7.4 m mean depth), warmest (12°C mean temperature; McCormick and Fahnenstiel 1999) , and most turbid (~2 m secchi depth; Bolsenga and Herdendorf 1993) of the three basins and is delimited by Point Pelee and Sandusky Bay following the Pelee-Lorain ridge (Ryan et al. 2003) . The western basin is considerably more eutrophic, with greater sedimentation and algal blooms (Tyson et al. 2009) , and its shallow islands and reefs contain more yellow perch spawning and nursery habitat than that found to the east (Doremus 1975; Bolsenga and Herdendorf 1993) . The central basin (18.5 m mean depth, 10.5°C mean temperature) is separated from the eastern basin by the Pennsylvania Ridge, and most of its spawning habitat is located along the southern shore (Goodyear et al. 1982) . The eastern basin is the deepest (24.4 m mean depth, 64 m maximum depth), coldest (l0°C mean temperature), and most oligotrophic of the three basins (Ryan et al. 2003) . Most of its suitable yellow perch habitat is located in Long Point Bay, Ontario, which has abundant spawning and nursery areas (Francis et al. 1985) , and along the southern New York shore near Van Buren Bay (Bolsenga and Herdendorf 1993) , Sturgeon Point, and Buffalo Knoll (Goodyear et al. 1982) .
Male and female yellow perch vary in growth, maturation, and spawning behavior, with females averaging faster growth and reaching larger lengths, masses, and ages (Purchase et al. 2005) , and maturing later (3-4 years; Becker 1983) than males (2-3 years; Moyle 2002) . Older females usually are more fecund and produce more eggs per spawn, which may be due to their larger sizes rather than age (Schneider 1984) . Yellow perch reproductive activity is associated with gradual increase in water temperature during the spring, when large schools of adults congregate in shallow areas of lakes or rivers (Scott and Crossman 1973; Krieger et al. 1983; Jansen et al. 2009 ). Clusters of two to five males accompany a female during egg deposition and fertilization (Mangan 2004) on submerged vegetation or other benthic structures (Scott and Crossman 1973) . Males arrive to the spawning grounds earlier (Scott and Crossman 1973) and tend to linger longer than females, likely fertilizing several females; and neither sex provides parental care (Craig 1987) . Genetic structure of spawning groups may differ between males and females owing to differential site fidelity. Our study thus tests for differences in genetic compositions of males versus females within yellow perch spawning groups, as they may display different patterns; this has not been evaluated in other studies.
Yellow perch stocks characteristically display wide variations in annual recruitment that have been attributed to life history characteristics (Beletsky et al. 2007 ). Historic and current recruitment patterns suggest that size and age trends may impact the overall reproductive success of spawning groups and subsequent recruitment (Henderson and Nepszy 1988) . However, possible differences among sizes and age cohorts at given spawning locations have not been addressed in other genetic studies and thus are evaluated here.
Relevance to the yellow perch fishery
The decline of Lake Erie yellow perch recruitment during the 1960s and 1970s and through the mid-1980s was attributed to commercial exploitation, reduction of prey items, and poor water quality (Henderson and Nepszy 1989; Tyson and Knight 2001) , preceding a slow recovery through to the present (Munawar et al. 2005; YPTG 2009 ). During the past decade, Lake Erie yellow perch stocks have increased, yet remain highly variable (Munawar et al. 2005; YPTG 2009 ). Stock stochasticity underlies yearly management adjustments of Lake Erie's yellow perch total allowable catch (TAC), with the 2006 TAC of 7475 t (YPTG 2006) decreasing to 5165 t in 2007 and 4386 in 2008 (YPTG 2007 and then increasing to 5448 t in 2009 , 5958 t in 2010 , and 6404 t in 2011 (YPTG 2009 , 2010 . TAC adjustments reflect inherent variability in recruitment from natural and anthropogenic sources.
Yellow perch are not uniformly distributed throughout Lake Erie habitats, and most adults are caught in the central basin during summer months (YPTG 2011). Moreover, yellow perch occupy different habitat regimes than during spawning, as is characteristic across the other Great Lakes (Parker et al. 2009 ). Although fishery data do not directly reflect fish abundance, trends in spatial fishery catch records suggest major differences in habitat use by perch spawning groups. Most of the total reported Lake Erie yellow perch catch is concentrated in the central basin, totaling 80.5% in 2009 and 75.4% in 2010, whereas the western and eastern basins respectively accrued 15. 4% and 4.1% in 2009 4% and 4.1% in and 19.2% and 5.4% in 2010 4% and 4.1% in (YPTG 2010 4% and 4.1% in , 2011 . Catch also is disproportionate in terms of shorelines; the northern Canadian coast housed~64% of the 2009 catch and 68% of the 2010 catch, followed by the southern Ohio shorelines that composed~31% of the total catch and decreased in 2010 to 29%, with the remaining 5% divided by Michigan, Pennsylvania, and New York in 2009, decreasing to only 2.7% in 2010 (YPTG 2010 . The apportionment of catch varies by activity, with most sport fishing occurring in the western basin (46% in 2009, increasing to 47% in 2010), whereas commercial gill nets (allowed in Canada only) and trap nets are predominately used in the central basin (88% for 2009 and 85% for 2010) and the eastern basin (78% in 2009 , with 88% in 2010 (YPTG 2010 . Gear type also may differentially affect size and age group compositions of stocks (Kocovsky et al. 2010 ), which in turn may influence the composition of spawning groups.
The YPTG recognizes four Lake Erie management units (MUs) for yellow perch, which mostly are delineated according to physiographic features or landmarks, including lighthouses and ports (YPTG 2008; see Fig. 1 ). Our study (Manni et al. 2004b ). Significance of barriers are given as percent bootstrap and number of loci that support it: Barrier I: 75%, 11 loci; Barrier II: 60%, 3 loci; Barrier III: 61%, 5 loci; Barrier IV: 48%, 11 loci; Barrier V: 59%, 6 loci; Barrier VI: 61%, 6 loci. examines whether these MUs are relevant to the genetic stock structure of yellow perch, which may provide insights to management and conservation.
Materials and methods

Sample locations and preparation
State and federal agencies collected adult yellow perch (N = 516 total in Lake Erie) from 13 Lake Erie spawning locations at spawning time (N = 19-85 per site), encompassing its three physiographic basins and four MUs (Fig. 1) . Our sampling design was dependent upon the Great Lakes Fishery Commission (GLFC) YPTG's assessment of yellow perch spawning habitat and which sites appeared most relevant to their potential stock structure. Samples additionally were dependent upon the management agencies' sampling regime and resources (e.g., Michigan Department of Natural Resources, Ohio Division of Wildlife, Pennsylvania Fish and Boat Commission, New York Department of Environmental Conservation, Ontario Ministry of Natural Resources, and US Geological Survey). Samples were collected in MayJune and were assessed by the agency scientist collectors to be "ripe" or recently "spent". We compared these with representative spawning groups from Lake St. Clair (N = 39) and Lake Ontario (N = 14). Fin clip tissue samples either were preserved in 95% ethanol (EtOH) in the field or immediately frozen. Some perch were tagged and released, while others were sacrificed and used for age and diet studies by Lake Erie fishery managers. They provided us with geographic coordinates (Table 1) , as well as available length and sex data. Age and cohort data were determined by the agencies from scale, dorsal spine, or otolith analyses, or by age-length keys.
Microsatellite loci procedure
Genomic DNA was extracted and purified from the tissues with DNeasy Qiaquick kits (QIAGEN, Inc., Valencia, California), and aliquots were frozen and archived. We evaluated 19 microsatellite loci developed for yellow perch and other percid species, including Svi4, Svi11, Svi17, Svi18, and Svi33 from Borer et al. (1999) ; Svi2, Svi3, and Svi7 from Eldridge et al. (2002); YP6, YP13, YP16, and YP17 from Li et al. (2007) ; and Mpf1-Mpf7 by Grzybowski et al. (2010) . Two loci exhibited evidence of null alleles (YP6, YP16), and two were monomorphic in Lake Erie (Svi11, Svi18) and thus were discarded from this study. Our analyses thus were based on 15 loci.
Polymerase chain reactions (PCR) consisted of 50 mmol KCl·L -1 , 1.5 mmol MgCl 2 ·L -1 , 10 mmol TrisHCl·L -1 , 50 µmol of each deoxynucleotide·L -1 , 0.5 µmol each of the forward and reverse primers·L -1 , 2% dymethyl sulfoxide (DMSO), 5-30 ng DNA template, and 0.6-1.2 µmol Taq polymerase·L -1 per 10 mL of reaction volume; these were run with negative and positive controls. All reagents and containers were first autoclaved, all surfaces were sterilized with EtOH and ultraviolet radiation, and reactions were performed in a laminar hood. An initial cycle of 2 min at 94°C for strand denaturation was followed by 40 cycles of denaturation (94°C, 30 s), primer annealing (1 min) at a primerspecific temperature (Table 2) , and polymerase extension (72°C, 30 s). A final extension at 72°C for 5 min was included to minimize partial strands.
The forward primers were synthesized with one of four 5′ fluorescent labels, allowing pool-plexing during analysis (grouped as follows: Svi2 + Svi7, Svi3 + Svi33, Svi4 + Svi17 + Svi18, YP13 + YP17, Mpf1 + Mpf2 + Mpf5 + Mpf6, and Mpf3 + Mpf4 + Mpf7). Amplification products were processed for allele length analysis by diluting at a ratio of 1:50 with dH 2 O, then a 1 mL aliquot was added to 13 mL of a formamide and ABI GeneScan-500 size standard solution, loaded onto a 96-well plate, and denatured for 2 min at 95°C. The denatured products were analyzed on our ABI 3130XL Genetic Analyzer with GENEMAPPER ver. 3.7 software (Applied Biosystems Inc., Foster City, California). Note: N A , number of alleles; bp, base pairs; F IS , average differentiation within a spawning group; F IT , deviation in the total sample; and F ST , average genetic divergence between pairs of spawning groups.
All output profiles were reviewed manually to confirm correct identification of the allelic size variants.
Data analyses
Spawning population samples were tested for conformance to Hardy-Weinberg equilibrium (HWE) expectations at each locus, whose significance was estimated using the Markov chain Monte Carlo method and 1000 randomization procedures (Guo and Thompson 1992) in GENEPOP ver. 4.0 (Rousset 2008) . Deviations were tested for both scenarios of heterozygosity deficiency or excess, and loci were analyzed for linkage disequilibrium (LD). Significance levels for HWE and LD tests were adjusted using Bonferroni corrections (Sokal and Rohlf 1995) . Tests for possible occurrence of null (nonamplified) alleles were performed with MICRO-CHECKER ver. 2.2.3 (van Oosterhout et al. 2004 Oosterhout et al. , 2006 . The number of private (unique) alleles (N PA ; those occurring only in a single spawning group) was determined using CONVERT ver. 1.31 (Glaubitz 2004) . Number of alleles (N A ) and allelic richness (R A ; the number of alleles per locus, independent of sample size, determined by rarefaction according to El Mousadik and Petit 1996) were calculated using FSTAT ver. 2.9.3.2 (Goudet 2002) .
To evaluate objective A and hypothesis 1 of whether yellow perch spawning samples were genetically structured, unbiased q (Weir and Cockerham 1984) and r (Michalakis and Excoffier 1996) estimates of F statistics and their associated levels of significance assessed genetic heterogeneity at different scales in FSTAT. Relationships among such recently diverged populations have been shown to be better resolved in models using q ST (the F ST estimate of Weir and Cockerham 1984) , with values differing significantly from zero used to reject the null hypothesis of panmixia (Balloux and LugonMoulin 2002) . Pairwise comparisons also were conducted using an exact nonparametric procedure with probability estimates from a Markov chain Monte Carlo method in GENEPOP, which does not rely on assumptions of normality, but has less statistical power (see Goudet et al. 1996) . In all pairwise tests, sequential Bonferroni adjustments to probability values were used to minimize type I errors (Rice 1989) .
Objective B assessed the demographic partitioning of genetic variation among spawning group samples, with hypothesis 2 testing for correspondence of genetic distance (q ST /1 -q ST ) to geographic distance (measured as the shortest waterway distances between pairs of spawning sites) and regression significance interpreted using Mantel's (1967) procedure with 1000 permutations in GENEPOP (Rousset 1997) . To further examine relationships among sampling sites, Nei's (1972) pairwise genetic distances (D s ) and Cavalli-Sforza and Edwards' (1967) chord distances (D c ) were calculated using GENDIST in PHYLIP ver. 3.69 (Felsenstein 2008 ) and used to construct neighbor-joining trees (Saitou and Nei 1987) . Relative support values for the nodes of the trees were estimated using 1000 bootstrap pseudoreplicates (Felsenstein 1985) in PHYLIP.
The relative magnitude of genetic structure among yellow perch samples (objectives A and B) was investigated further using the computational geometry-based approach in BAR-RIER ver. 2.2 (Manni et al. 2004a (Manni et al. , 2004b , which identified geographically discontinuous assemblages of sampling sites, independent from a priori knowledge of their relationships.
Pairwise q ST estimates were mapped onto a matrix of sample geographical coordinates (latitude and longitude), and the relative magnitude of each barrier was ranked according to the number of loci that supported it. Barrier support and rankings were evaluated further with a bootstrap analysis of the multilocus q ST matrix with 2000 iterations in GENELAND ver. 3.1.4 (Guillot et al. 2005a (Guillot et al. , 2005b (Guillot et al. , 2008 , based on the R statistical analysis software suite ver. 2.10.1 (R Development Core Team 2009). Genetic barriers supported by bootstrap values higher than 50% were reported.
To further evaluate distinctive populations (objective B, hypotheses 3 and 4), we employed a Bayesian-based clustering algorithm in STRUCTURE ver. 2.3.3 (Pritchard et al. 2000; Pritchard and Wen 2004) to identify groups of individuals with distinctive allelic frequencies, regardless of their true spawning population identity. Correspondence to spawning populations was analyzed by specifying number of groups (K) in independent runs, ranging from K = 1 (the null hypothesis of panmixia) to K = 15 (the total N of spawning sites sampled). Ten independent runs were implemented per K, with burn-ins of 100 000 and 500 000 replicates. We examined the consistency among runs, comparative probabilities of individuals assigning to one or more groups, log-likelihood and posterior probability values from each run, and their respective grouping patterns. Optimal K scenarios were determined with the posterior probability procedure of Pritchard et al. (2000) and DK likelihood evaluations from Evanno et al. (2005) .
The Bayesian program GENECLASS2 (Piry et al. 2004 ) tested self-assignment of individuals to spawning groups, using a simulated population size of 10 000 individuals per site, with a rejection level of 0.01 (Cornuet et al. 1999) . We also used GENECLASS2 to test assignments of individuals in Lake Erie proper to basins and to MUs. We then compared the results of the Bayesian GENECLASS2 and STRUC-TURE analyses with population relationships derived from the BARRIER and pairwise genetic divergence analyses. Three-dimensional factorial correspondence analysis (3D-FCA; Benzecri 1973 ) further explored population divisions and relationships in GENETIX ver. 4.05 (Belkhir et al. 1996 (Belkhir et al. -2004 , which made no a priori assumptions about population relationships.
To more comprehensively test demographic partitioning in objective B and the potential influence of life history on genetic structure in objective C, we evaluated percent variance and its significance using analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) scenarios in ARLEQUIN ver. 3.5.12 (Excoffier et al. 2005; Excoffier and Lischer 2010) . These hierarchical tests compared relative levels of variation among and within groups of spawning samples (basins, hypothesis 3; and MUs, hypothesis 4), spawning sites within the groups, the sexes (hypothesis 5), and age cohorts (hypothesis 6).
Objective D and hypothesis 7 sought to compare the distribution of genetic diversity among spawning groups, for which we employed the program CONTRIB ver. 1.02 (Petit et al. 1998) to estimate the contribution of each sample to the overall levels of genetic diversity (C T ) and allelic richness (C RT ) across Lake Erie. Genetic diversity and allelic richness each were subdivided into two components, representing contributions to variation within samples (components C S and C RS ) and contributions to differentiation from other groups (C D and C RD ). Positive values denoted significant influence of a sample to overall lake-wide diversity (positive C S or C RS values) or indicated that the sample diverged from others (positive C D or C RD values). Negative values indicated that the sample had less genetic diversity (negative C S or C RS values) or that it did not significantly diverge from others (negative C D or C RD values) (see Wilson et al. 2009 ).
Results
Genetic variation within spawning groups
Nineteen loci initially were tested in this study for 549 yellow perch from 13 spawning sites in Lake Erie and single sites in Lakes St. Clair and Ontario (Table 1) ; all loci were unlinked and conformed to HWE expectations after Bonferroni correction (Table 2 ). However, four of these loci -YP6, YP16, Svi11, and Svi18 -showed evidence of null alleles or were monomorphic and were not further analyzed. We thus based this study on analyses of 15 loci. Overall, loci Svi7, Svi17, YP17, Mpf1, and Mpf2 were the most informative for discerning divergence among the spawning sites sampled, as evidenced by their higher F ST values ( Table 2) .
Number of alleles per locus ranged from 4 (Svi2 and Svi7) to 39 (YP17), and their overall number was greatest in the eastern basin sites at Dunkirk (site N) and Long Point Bay (L ; Tables 1 and 2 ). Yellow perch spawning at the Monroe (B) site in the western basin and at Perry in the central basin also had high allelic richness. Central basin spawning sites were characterized by lower numbers of alleles, with the least being found at Fairport (H) and Erie (K). Heterozygosity (H O ) was highest in the western basin sites overall (0.539 mean H O ), with individual site values ranging from 0.479 (Pt. Colborne -Pt. Albino; location M in the eastern basin) to 0.593 (Erieau; location F, central basin), and appeared relatively comparable among Lake Erie spawning sites (mean = 0.533). All spawning groups except Erie (K) had private (i.e., unique) alleles (Table 1) , which varied in frequency from one (Erieau, site F; and Ashtabula, site J) to 10 (Dunkirk, site N), indicating a higher proportion of private alleles in the eastern basin (Table 1) . No significant variations in allele richness, frequencies, or distributions were detected between males or females in the nine sites for which gender data were available.
Divergence among spawning groups
Most yellow perch spawning samples genetically differed from those spawning at other locations, refuting the null hypothesis of panmixia (objective A, hypothesis 1) and supporting the alternative hypothesis of multiple yellow perch stocks in Lake Erie. Almost all pairwise comparisons (171 of 177) remained significantly divergent following sequential Bonferroni correction (Table 3) , and results from q ST and r ST comparisons were congruent, showing that almost all spawning sites housed distinct gene pools. The average q ST between yellow perch in each of the three Lakes was 0.230, whereas the mean difference within the Lake Erie sites was 0.191, ranging from 0.000 to 0.665. Pairwise comparisons between Lake Erie sites that did not significantly differ were Monroe (B) vs. Erieau (F), Cedar Point (C) vs. Long Point Bay (L) and Pt. Colborne -Pt. Albino (M), Ashtabula (J) vs. South Bass Island (D) and Perry (I), and Long Point Bay (L) vs. Pt. Colborne -Pt. Albino (M). Results from the exact tests were congruent with these findings, indicating that these variations were not influenced by sample size.
Genetic differences among Lake Erie yellow perch spawning groups appeared independent of spatial isolation or geographical distance (objective B, supporting the null hypothesis 2), indicated by the regression of genetic distances (q ST / 1 -q ST ) versus nearest waterway distances (km; p = 0.212, R 2 = 0.024). Thus, some nearby groups were very divergent (notably Perry, I; Erie, K; and South Bass Island, D), and some distant sites appeared similar (e.g., South Bass Island, D; and Ashtabula, J).
Phylogenetic trees (not shown) based on Nei's genetic distance and Cavalli-Sforza chord distances showed congruent relationships and levels of bootstrap support, with the Erie (K) sample appearing basal from all other Lake Erie sites, and significant genetic distances separating the Fairport (H) spawning group from the others (62.7% support), clustering Long Point Bay (L) with Pt. Colborne -Pt. Albino (M; 78.6% support), and separating South Bass Island (D) and Ashtabula (J) from Erieau (F; 90.1% support). Those were the sole relationships supported by bootstrap values. Similarly, the 3D-FCA (Fig. 2) explained 47.56% of the overall variation, clustering all eastern basin spawning groups (L-N) near some of the samples from the central and western basins (B-C, E-G, and J). However, yellow perch spawning at South Bass Island (D) and Ashtabula (J) clustered separately from this main group, and Fairport (H) and Erie (K) also were separated from all others, showing no clear pattern of structure by basin or MU or geographic proximity (Fig. 2) . Thus, all three null hypotheses were supported for objective B, refuting overall correspondence of genetic relationships to geographic distance (hypothesis 2), among the three Lake basins (hypothesis 3), or with the four MUs (hypothesis 4).
AMOVA partitioning tests likewise revealed no significant relationships of yellow perch genetic structure to Lake Erie's three physiographic basins (p = 0.887; objective B, hypothesis 3; Table 4A ), or with the MUs (p = 0.789; hypothesis 4; Table 4 , row b). The relationship between genetic structure and temporal variation was significant (p = 0.004; Table 4 , row c), indicating that sampling year had some influence on genetic structure among Lake Erie yellow perch spawning groups, which was less pronounced than the divergence pattern among the sites (p = 0.001). Neither gender distribution (p = 0.443) nor age cohort composition (p = 0.848) had a significant effect on yellow perch genetic structure (objective C, hypotheses 5 and 6; see Table 4 , rows d and e).
Barrier analysis indicated the presence of some genetic discontinuities among Lake Erie spawning groups, with the highest-ranking barrier (barrier I; 75% bootstrap, supported by 11 loci) separating Lake St. Clair from Lakes Erie and Ontario (Fig. 1) . Barrier II isolated the spawning group from Ashtabula (J) from all others (60% bootstrap, 3 loci). Barrier III isolated the spawning sample from South Bass Island (D) from all others in Lake Erie (61% bootstrap, 5 loci). Barrier IV distinguished Lake Ontario (O) samples (48% bootstrap, 11 loci), whereas barriers V and VI isolated spawning groups from Erie (K; 59% bootstrap, 6 loci) and Fairport (H; 61% bootstrap, 6 loci), respectively (Fig. 1) .
Bayesian STRUCTURE analyses shown in Fig. 3 identified K = 10 population clusters that clearly distinguished yellow perch spawning groups from Lakes St. Clair (site A; colored red), Ontario (O; green), and Erie. Within Lake Erie, unique clusters distinguished spawning groups from Fairport (H; teal) and Erie (K; red), and another linked spawning groups from South Bass Island with Ashtabula (D and J; pink). Nearby eastern basin spawning groups from Long Point Bay and Pt. Colborne -Pt. Albino (L and M) shared similar allelic compositions. Samples from Dunkirk (N) appeared very different in 2001 (lime) and 2004 (blue), with the latter appearing more like that from Sturgeon Creek (E; 2003). The K = 4 and K = 6 scenarios also were supported by the likelihood method (Evanno et al. 2005 ) and denote the most pronounced differences among the population stocks in Lakes St. Clair, Erie, and Ontario, as well as the apparent similarity between the groups spawning at South Bass Island and Ashtabula (D and J; pink).
Bayesian assignment tests in GENECLASS2 correctly selfassigned 100% of samples to Lakes St. Clair (A) and Ontario (O), respectively (Table 5) . No individuals from Lakes St. Clair or Ontario assigned to Lake Erie spawning sites, and only five perch from Erie (K) assigned to Lake St. Clair (A), indicating very little or no gene flow among the three lakes (Table 5a ). Individual sites from spawning locations in the western and eastern Lake Erie basins overall had the highest self-assignments to individual sites (Table 5a) , basins (Table 5b) , and to MUs (Table 5c ). Individual spawning sites in Lake Erie with strongest self-assignments were South Bass Island (D; 75.9%), Erie (K; 65%), Long Point Bay (L; 61.7%), Fairport (H; 55%), Monroe (B; 54.2%), and Ashtabula (J; 52.6%). Although 54% of fish from Monroe (B) self-assigned, an appreciable proportion of individuals from other spawning sites also assigned to the Monroe site (25.1%), including some of those from Cedar Point (C), Erieau (F), Cleveland (G), and Perry (I ; Table 5a ). Spawning sites in the central basin had the lowest self-assignment values, which also was evident in the overall basin and MU assignment tests (Tables 5b and 5c ). Results from GENECLASS2 analyses (Table 5) overall appeared similar to the clustering assignments from the program STRUC-TURE (Fig. 3) .
Relative contributions of sampling sites to genetic diversity (C T ; objective D, hypothesis 7) were found to differ significantly in the CONTRIB analyses, supporting the alternative hypothesis, as shown by the different bar heights and values in Fig. 4a . Samples with positive differentiation values (C D ; grey bars), in terms of their contribution to overall genetic diversity, significantly differed from all other sites (depicted with grey bars extending above the zero median line). These included the two outgroups (Lake St. Clair (A) and Lake Ontario (O)) and three Lake Erie sites (South Bass Island (D), Ashtabula (J), and Erie (K)). These results are similar to those distinguishing the same sampling sites in other analyses, including F ST comparisons (Table 3) , 3D-FCA (Fig. 2) , and STRUCTURE (Fig. 3) . The other sampling sites did not differ significantly in this overall genetic differentiation component (C D ; grey bars are negative; Fig. 4a ). Samples with positive black bars (C S ) in Fig. 4a contributed to overall lake-wide genetic diversity with unique alleles, including Monroe (B), Long Point Bay (L), Pt. Colborne -Pt. Albino (M), Perry (I), and Dunkirk (N). Other samples had only common widespread alleles (these had negative black C S bars).
The relative distribution of allelic richness among the sampling sites (C D ) distinguished only a single sampling location Fig. 2 . Three-dimensional factorial correspondence analysis (Benzecri 1973; GENETIX ver. 4.05, Belkhir et al. 1996 showing relationships among yellow perch spawning groups (labeled according to Table 1) Results from both C T (total diversity across the sampling regime; Table 4 , row a) and C RT (total allelic richness; Table 4, row b) thus indicated that most diversity in Lake Erie was contributed by a single spawning group in the western basin (Monroe, B), one in the central basin (Perry, I), and two in the eastern basin (Long Pt. Bay, L; and Pt. ColbornePt. Albino, M), whereas three groups in Lake Erie appear highly differentiated from the others: South Bass Island (D), Ashtabula (J), and Erie (K).
Discussion
Patterns of genetic diversity in Lake Erie spawning groups Prior studies discerned relatively low genetic diversity in yellow perch (Strittholt et al. 1988; Billington 1993; Todd and Hatcher 1993) , which was attributed to exploitation since the early 1900s (Strittholt et al. 1988) or the result of bottlenecks due to population size fluctuations (Marsden and Robillard 2004) . However, the Eurasian perch Perca fluviatilis also has low genetic diversity (Refseth et al. 1998; Nesbø et al. , 1999 as do species of the closely related congener Gymnocephalus (Stepien et al. , 2005 ; thus, relatively low genetic diversity may be a phylogenetic characteristic of this lineage. In the present study, all yellow perch spawning samples had similar heterozygosities (range = 0.479-0.593, mean for Lake Erie = 0.533), which were lower than those reported for walleye spawning groups in Lake Erie using microsatellites (mean = 0.704, range = 0.660-0.780; Strange and Stepien 2007) . In contrast, spawning groups of smallmouth bass Micropterus dolomieu in Lake Erie exhibited a broader range of heterozygosity using microsatellites, but had a lower overall mean (mean = 0.469, range = 0.376-0.557; Stepien et al. 2007 ).
Miller 's (2003) genetic diversity study of Lake Michigan yellow perch using six microsatellite loci (five of which also were used in our present study) found a mean number of 9.700 alleles, whereas our mean for Lake Erie was 9.987 with 15 loci. Their mean expected heterozygosity was 0.500 for Lake Michigan, whereas ours was 0.583. Thus, the genetic diversities of Lake Michigan and Lake Erie yellow perch appear comparable.
The occurrence of private alleles (i.e., those uniquely found in single spawning groups) in Lake Erie yellow perch (0-10 private alleles per sampling site, totaling 49 private alleles of 310 alleles lake-wide, and a proportion of 0.158 for 15 loci) in this study is similar to that found by Strange and Stepien (2007) for Lake Erie walleye (1-7 private alleles per spawning site, totaling 24 private alleles of 148 lake-wide, and a proportion of 0.162 for 9 loci). Private allele occurrence in yellow perch and walleye spawning sites across Lake Erie appears greater than that characterizing Lake Erie smallmouth bass in a study by Stepien et al. (2007) , which found 0-2 private alleles per spawning site, totaling 3 private alleles of 60 lake-wide, and a proportion of 0.050 for 8 loci. (Michalakis and Excoffier 1996) , and data below diagonal are q ST (Weir and Cockerham 1984) . Underlined and italic data are not significant; underlined only data are significant at 0.05 level; all other data also are significant following sequential Bonferroni correction (Rice 1989 ). All comparison results were congruent with an exact test of differentiation (Goudet et al. 1996) .
Although most yellow perch spawning sites in our study contained some private alleles, their overall proportional representation was relatively low. Most of the genetic divergences among locations resulted from allele frequency and distribution shifts, rather than the influence of private alleles. The possible importance of private alleles in spawning samples is twofold: they denote divergence from other groups that may be linked to unique and localized adaptations, and they may be used to identify fish from specific spawning samples. However, given the low representation of these private alleles in our study, such possibilities appear limited.
Patterns of genetic divergence in Lake Erie spawning groups The present study discerns genetic divergence of most spawning yellow perch samples across Lake Erie, resolving significantly greater population structure than was found in past studies using more slowly evolving markers. Our recent study of mtDNA control region sequences found evidence supporting divergence of some yellow perch spawning groups in the eastern basin of Lake Erie alone ), whereas allozyme analyses only resolved variation among lakes (Strittholt et al. 1988; Todd and Hatcher 1993) . Nuclear microsatellite analyses of yellow perch in Lake Michigan (Kapuscinski and Miller 2000; Miller 2003) described some significant divergence between summer-caught samples from Green Bay and surrounding inland lake sites and samples in open waters of Lake Michigan (with 12 of 21 pairwise comparisons (57%) being significant following Bonferroni correction). However, their studies used six loci and ours used 15; thus, their sites that were not divergent may have had less resolution power from fewer loci. Finescale divergence also was evident using 10 microsatellite loci in the St. Lawrence River system, where yellow perch spawning groups comprised four distinct genetic clusters along a 310 km-long corridor (Leclerc et al. 2008) . Grzybowski et al. (2010) used seven microsatellite loci to discern fine-scale genetic structure between Lake Michigan yellow perch spawning in open water versus those in Green Bay (F ST = 0.126). Parker et al. (2009) used microsatellite data (done by us) to discern no within-lake genetic differences among yellow perch juveniles located in wetlands versus nearshore open water habitats during summer months, but resolved overall differences between populations in Lakes Michigan and Huron. Yellow perch site fidelity thus may only occur during spawning.
It should be noted that although yellow perch in our study were sampled at spawning time, on putative spawning sites, and were assessed by managers to be in spawning condition, little actually is known of their spawning site fidelity or migrations at spawning time (Roger Knight and Jeffrey Tyson, Ohio Division of Wildlife, 305 E. Shoreline Drive, Sandusky, OH 44870, USA, personal communication, 2011). Thus, it is possible that yellow perch may move from site to site following spawning or that some may spawn in multiple locations or even that some may be in the area and not spawn. These scenarios would lead to a signal of genetic homogeneity, which our data analyses did not support, since most of our spawning groups significantly differed. However, one or more of these scenarios may account for the evidence of little divergence between some of our geographically distant samples, especially if these yellow perch moved from one location to another within the sampling regime.
We discern no significant correspondence between genetic divergence and geographic distances in yellow perch spawning populations across Lake Erie. Likewise, our previous yellow perch mtDNA ) and nuclear microsatellite analyses of spawning walleye samples across Note: (a) Three Lake Erie basins: western, central, and eastern; (b) four Lake Erie management units (MUs); (c) four collection years (2001, 2002, 2003, and 2004) ; (d) male and female yellow perch; (e) nine age cohorts (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . Underlined and italicized data are not significant; regular text data are significant at P ≤ 0.05 level.
Fig. 3.
Estimated yellow perch population structure from Bayesian STRUCTURE analyses (Pritchard et al. 2000; Pritchard and Wen 2004) for K = 4, 6, and 10 groups using 15 loci.
Optimal K = 10 (posterior probability (pp) = 0.999) was determined from DK likelihood evaluations (Evanno et al. 2005) . The strongest relationships also are evident at the lower K values. Thin vertical lines, partitioned into K colored segments that represent the estimated membership fractions, represent individuals. Black lines separate different spawning samples.
Lake Erie Stepien et al. 2009 Stepien et al. , 2010 did not correspond to a genetic isolation by geographic distance pattern. This pattern also did not occur in spawning smallmouth bass across Lake Erie ). Thus, genetic structure of Lake Erie fish spawning groups likely is driven by their differential genetic compositions rather than by geographic distance between spawning sites. This appears consistent with findings of previous studies in which closely located yellow perch groups yielded divergent genetic signatures in Lake Michigan, with groups spawning in open water differing from those in nearby Green Bay and its fluvial-linked Lake Winnebago (Miller 2003; Grzybowski et al. 2010) .
Our results show that several spawning groups display extensive divergence from nearby groups, indicating unique genetic identities. Most of our analyses identify spawning yellow perch from South Bass Island (D) and Ashtabula (J) as not significantly differing from one another, but comprising a distinct genetic cluster. Previous work on smallmouth bass ) also characterized those from South Bass Island as unique from other sites in Lake Erie, but not significantly divergent from Conneaut, Ohio, samples, suggesting a similar pattern of genetic structure. Yellow perch spawning at the Erie site (K) represent another unique genetic group in our study, reinforcing previous tagging studies that discerned separate populations from Erie and Presque Isle that differed in growth rates and fecundity from adjacent sampled groups (Kenyon and Murray 2001) .
Genetic patterns in relation to other species and fishery management units
Our results indicate moderate yet significant levels of ge- netic divergence, consistent with patterns in other species Stepien et al. 2009) , showing more pronounced population structure in eastern Lake Erie sites. The distribution of this genetic variation in Lake Erie yellow perch does not correspond to Lake Erie MUs, nor is it significantly associated with physiographic basins. Our previous mtDNA study ) revealed some genetic divergences among a few yellow perch spawning groups across Lake Erie, including divergence of the eastern basin samples (MU 4), but likewise found no relation to MUs. Our results indicate that four of the Lake Erie spawning groups had a greater overall contribution to genetic diversity and allelic richness: Monroe (B) in the west basin, Perry (I) in the central basin, and two groups along the northern shore of the eastern basin -Long Point Bay (L) and Pt. ColbornePt. Albino (M). The genetic contribution of those spawning groups to Lake Erie yellow perch overall appears high, following diversity and differentiation criteria (see Swatdipong et al. 2009 ) and thus should continue to be assessed by the GLFC YPTG. Following this strategy, the greatest conservation priority is for rare spawning groups having high levels of both genetic diversity and differentiation (Ashtabula, J), followed by sites with high diversity but lower differentiation (Monroe, B; Perry, I; Long Point Bay, L; Pt. ColbornePt. Albino, M; and Dunkirk, N), with a third category corresponding to low diversity but high differentiation (South Bass Island, D; Fairport, H; and Erie, K), and then lowest priority for sites having both low diversity and differentiation (Cedar Point, C; Sturgeon Creek, E; Erieau, F; and Cleveland, G). These patterns need to be further assessed for temporal yearto-year variation. diagonal denote self-assignment values from GENECLASS2 analyses (Piry et al. 2004 ).
West-east divergence patterns: similarities to other Lake Erie species We find less genetic diversity (heterozygosity) in spawning groups of yellow perch across Lake Erie than characterized similar studies of walleye spawning populations Stepien et al. 2009 ) and more than occurred in smallmouth bass . Notably, eastern Lake Erie walleye had greater genetic diversity, whereas eastern basin yellow perch here show comparable heterozygosity levels to those in the western and central basin sites. In contrast, smallmouth bass diversity levels slightly decreased from west to east (0.484-0.452; Stepien et al. 2007 ). However, patterns of genetic divergence are consistent among the three species in that the eastern basin sites were the most divergent in all studies.
It is possible that this greater divergence of eastern Lake Erie spawning populations from those in the western and central basins reflects their common history of postglacial colonization patterns, as indicated by our previous mtDNA work on yellow perch ) and other fish species in Lake Erie Stepien et al. 2009; Haponski and Stepien 2008) . Lake Erie perch populations likely originated from Atlantic and Mississippian glacial refugia, whose founding patterns may have been reinforced by adaptations of the eastern basin fish to cooler, deeper, and less productive waters versus those found in warmer, more productive western Lake Erie sites.
Less apparent genetic assignments of central basin yellow perch in our study may reflect a relict signature of population origin, representing a mixture of genotypes originating from the Atlantic refugium to the east and from the Mississippian refugium to the west, as hypothesized for walleye (Stepien and Faber 1998; Strange and Stepien 2007; Stepien et al. 2009 ). Thus, the apparent lower self-assignments of these central basin yellow perch may represent a relict effect of this historic mixing and not reflect present-day exchange. Therefore, most spawning site samples in our study genetically diverge, yet retain this mixed ancestral signal.
A study by Bergek and Björklund (2007) based on eight microsatellite loci described divergent yet sympatric kin groups of Eurasian perch in a small lake that lacked physical barriers to gene flow. Thus, patterns among Lake Erie yellow perch spawning populations similarly may be maintained by habitat differences and spawning site fidelity. One of the likely barriers to gene flow hypothesized for Eurasian perch is reproductive isolation, either via kin recognition (Gerlach et al. 2001) or because of reduced hybrid fitness between sympatric but divergent cohorts (Behrmann-Godel and Gerlach 2008) . These factors remain to be tested for yellow perch.
A recent study by Bergek et al. (2010) suggested that environmental factors other than geographical distance between European perch spawning groups might have led to differences in their genetic composition, with the most likely factor being water temperature differences among habitats during spring spawning, followed by differences in their warming rates. Temperature differences may lead to genetic isolation of various spawning groups, with those in shallow waters spawning earlier (Bergek et al. 2010) . These findings highlight the importance of spawning habitat and localized adaptation of their associated reproductive groups. It appears likely that the genetic structure among spawning localities resolved by our study is a product of the interplay between ancestral lineages and environmental variation among spawning areas rather than isolation by distance. This merits further investigation.
Influence of temporal variation on genetic structure of Lake Erie yellow perch Our AMOVA analyses indicate some variation among collection years in the genetic structure of Lake Erie yellow perch, which is being further tested. However, we found that Fig. 4 . Contribution of Lake Erie yellow perch samples to total genetic diversity (CT) and allelic richness (CRT), as discerned with the program CONTRIB ver. 1.02 (Petit et al. 1998) . Spawning groups are labeled as in Table 1 . (a) Each sample's contribution to total diversity (CT; circles) is divided into a diversity component (CS; black bars) and a differentiation component (CD; grey bars); (b) Each sample's contribution to total allelic richness (CRT; circles) is divided into diversity (CRS; black bars) and differentiation (CRD; grey bars) components. Bars with positive values indicate that the spawning sample significantly contributed to overall lake-wide diversity or significantly diverged from other groups. Bars that are negative indicate less genetic diversity or little divergence from other samples. the overall pattern among spawning locations is much stronger than temporal variation at sites. Franckowiak et al. (2009) evaluated the influence of temporal variation on the effective population size of walleye in Escanaba Lake, Wisconsin, and found that exploitation may have increased genetic drift. The influence of exploitation on the genetic diversity of specific spawning groups of yellow perch in Lake Erie thus should be studied in greater detail.
The "portfolio effect" described by Schindler et al. (2010) hypothesizes that a population's overall ecological stability is dependent upon its baseline genetic composition and diversity range-wide. Consequently, a population that has high genetic diversity (i.e., a larger "portfolio") is more likely to withstand stochastic events or sustained stressors (e.g., exploitation), as opposed to populations with lower genetic diversity (i.e., a lower portfolio). Schindler et al. (2010) used historical data from the sockeye salmon Onchorhynchus nerka to discern that temporal variability in a single homogeneous population negatively impacted the fishery via lower recruitment. In contrast, stable levels of salmon returns characterized a scenario in which discrete heterogeneous populations contributed to a temporally stable fishery. Thus, the combination of year-to-year recruitment stochasticity and exploitation on the genetic composition of yellow perch spawning groups may differentially impact their relative contributions to the overall diversity across Lake Erie, which should be tested in further studies. Given the presence of overlapping spawning year classes and cyclical recruitment patterns, as well as the moderate genetic diversity present in the samples we studied, a moderate portfolio effect appears to characterize Lake Erie yellow perch. Thus, anthropogenic stressors could negatively impact the stability of Lake Erie yellow perch stocks, and effective management practices may help to maintain their genetic portfolio.
In conclusion, our investigation demonstrates that most spawning groups of yellow perch are genetically divergent across Lake Erie, with microsatellite loci resolving greater genetic differences than were found using other techniques. Relationship patterns among Lake Erie yellow perch spawning groups likely reflect the interplay between site philopatry, habitat characteristics, and historical glacial origins. We found little evidence for correspondence of Lake Erie yellow perch spawning groups to MUs. Most partitioning of genetic structure among physiographic basins was due to individual spawning site divergence rather than the physical distance among locations or potential environmental barriers to dispersal, such as basin ridges or peninsulas. Differences among groups may reflect habitat partitioning, as has been found for European perch, but remains to be tested for yellow perch. It is unknown whether yellow perch spawning groups retain similar genetic compositions from year to year and whether these relationships among sites are temporally and spatially consistent, which should be investigated. These genetic results should be further coupled with geographic distribution studies throughout the life history of yellow perch towards an integrative approach for defining stock structure.
